Abstract: Crystal structures of cleaved and uncleaved forms of the YscU cytoplasmic domain, an essential component of the type III secretion system (T3SS) in Yersinia pestis, have been solved by single-wavelength anomolous dispersion and refined with X-ray diffraction data extending up to atomic resolution (1.13 Å ). These crystallographic studies provide structural insights into the conformational changes induced upon auto-cleavage of the cytoplasmic domain of YscU. The structures indicate that the cleaved fragments remain bound to each other. The conserved NPTH sequence that contains the site of the N263-P264 peptide bond cleavage is found on a b-turn which, upon cleavage, undergoes a major reorientation of the loop away from the catalytic N263, resulting in altered electrostatic surface features at the site of cleavage. Additionally, a significant conformational change was observed in the N-terminal linker regions of the cleaved and noncleaved forms of YscU which may correspond to the molecular switch that influences substrate specificity. The YscU structures determined here also are in good agreement with the auto-cleavage mechanism described for the flagellar homolog FlhB and E. coli EscU.
Introduction
Yersinia pestis is the causative agent of plague, one of the most deadly diseases in history and a potential instrument of bioterrorism.
1,2 Y. pestis and many other gram-negative bacterial pathogens use a type III secretion system (T3SS) as a protein transport apparatus to inject a small number of effector proteins through a hollow needle that extends across the inner and outer bacterial membranes and into the cytosol of eukaryotic cells. [3] [4] [5] The effector Yops (Yersinia outer proteins) enable the pathogenic bacteria to defeat the immune response of the host by interfering with the signal transduction pathways that regulate the actin cytoskeleton, phagocytosis, apoptosis, and the inflammatory response. 6 The export apparatus consists in part of cytoplasmic and inner-membrane proteins that identify T3SS substrates and control the switching of substrate specificity during morphogenesis and hostcell contact. 3, 4 YscU, an essential component of the secretion apparatus in Yersinia, is composed of 354 amino acid residues that are organized into a four-helix transmembrane N-terminal domain and a large C-terminal cytoplasmic domain separated by a long linker region that is highly conserved among YscU orthologs. 7 The cytoplasmic domain of YscU undergoes auto-cleavage of the N263-P264 peptide bond at the conserved NPTH site, resulting in an N-terminal fragment, YscU CN (residues 211-263), and a C-terminal fragment, YscU CC (residues 264-354), that remain tightly intertwined and copurify together. 8, 9 Site-directed mutagenesis of N263 or P264 to alanine abolishes auto-cleavage of YscU, which blocks the export of translocators (LcrV, YopB, and YopD) but not effector proteins via the T3SS. [8] [9] [10] Therefore, it has been proposed that autocleavage of the YscU cytoplasmic domain results in a conformational change that triggers the recognition and export of translocators at the proper time during the assembly of the type III secretion apparatus. 9, [11] [12] [13] We report here the crystal structures of two noncleaved forms of YscU, YscU N263A and YscU N263A/ P264A , and an atomic resolution structure of the wildtype cleaved form, YscU cleaved , to elucidate structural changes that occur upon cleavage. These crystallographic studies reveal the conformational changes induced upon auto-cleavage of YscU and provide structural insights into the cleavage mechanism, at very high resolution, that confirm and extend the information gleaned from structures of YscU homologs from Shigella flexneri (Spa40), enteropathogenic Escherichia coli (EscU) and Salmonella typhimurium (SpaS). 14, 15 Results and Discussion
Structure determination
The noncleaved structure of the cytoplasmic domain of YscU (residues 211-354) was trapped by constructing two mutants, one possessing a single N263A mutation (YscU N263A ) and the other a double mutation, N263A/ P264A (YscU N263A/P264A ), at the NPTH site. 9 The YscU N263A/P264A and YscU N263A mutants yielded tetragonal crystals that diffracted X-rays to 1.30 and 1.53 Å, respectively. Hexagonal crystals of YscU cleaved (residues 220-342) were obtained that diffracted X-rays up to a resolution of 1.13 Å using synchrotron radiation. Because there were no structural homologs available at the time of structure determination, the structures of YscU cleaved and YscU N263A/N264A were solved by single-wavelength anomalous dispersion (SAD) using crystals soaked in potassium iodide and sodium bromide, respectively. The experimental electron density maps obtained from both crystal forms were of excellent quality (figure of merit ¼ 0.66 and 0.70 after density modification, respectively) which allowed for almost complete auto-tracing of the main chain atoms and a majority of the side chains using the program SOLVE/RESOLVE. 16 The structure of YscU cleaved was refined with data extending to 1.13 Å resolution and a final working R-factor of 16.4% and R-free of 16.8%. The high resolution of the data allowed for the placement of hydrogen atoms and several alternate side chain conformations in the final refined model. Data collection and refinement statistics are presented in Table I .
The structure of YscU N263A
The structures of the two uncleaved YscU mutants (YscU N263A/P264A and YscU N263A ) are virtually identical. The following discussion will focus on the YscU N263A mutant. YscU N263A adopts an a2, b3, a, b, a2 fold in which the central core of the structure is composed of a four-stranded mixed b-sheet that is surrounded by five a-helices [ Fig. 1 residues 235-245 form a four-turn a-helix (a1) that is oriented approximately perpendicularly to the central b-strand core. 15 We examined the crystal packing environment to see if the differences in the conformation of the N-terminal region may be a crystallographic artifact. Although the N-terminal helix packs against neighboring symmetry mates, there is also available solvent space that could accomodate movement of the helix. Thus, it is unlikely that the formation of a well-ordered a-helix at the N-terminus is influenced by the crystal packing environment. The conserved NPTH cleavage site is located on a solvent-exposed b-turn between strands b1 and b2 [ Fig. 1(A) ]. These residues are involved in an extensive hydrogen bonding network that probably serves to promote autocatalysis [ Fig. 1(E) ]. The H266 imidazole side chain forms a hydrogen bond with the carbonyl oxygen of P264 and there is an extensive hydrogen bonding network between the backbone atoms of A263, P264, H266, and I267. This hydrogen bonding network places the carbonyl oxygen of A263 at a distance of 3.0 Å from the carbonyl oxygen of P264, which creates an n ! p* interaction that is proposed to be important for exerting electron withdrawal effects on the N263 carbonyl to promote catalysis. 15, 17 The NPTH backbone atoms overlay well with the homologous residues in the EscU N262A crystal structure, Atomic Resolution Structure of YscU but the conformation of the H266 imidazole in YscU N263A differs significantly from that observed in EscU N262A . The orientation of the histidine side chain in the EscU N262A structure does not allow for the imidazole ring to participate in hydrogen bonding interactions as observed in YscU N263A . In contrast, the EscU histidine side chain protrudes out into the solvent. 15 Thus, in the YscU N263A crystal structure, the H266 imidazole appears to be directly involved in the hydrogen bonding network of the NPTH b-turn in contrast to EscU, although the different conformations of the imidazole side chain in the two structures do not appear to affect catalysis. 15 Ferris et al. proposed a cleavage mechanism for the flagellar paralog of YscU, FlhB, in which the protein undergoes auto-cleavage of the peptide bond between asparagine and proline at the conserved NPTH site, and Zarivach et al. have recently provided structural evidence to support such an intein-like, auto-cleavage mechanism involving asparagine cyclization by determining the crystal structure of the E. coli YscU ortholog EscU in the cleaved form along with several structures of uncleaved mutants. 15, 18 The autocleavage mechanism requires a specific conformation of the NPTH loop in which the NPTH sequence adopts a type II b-turn, giving rise to a strained conformation that is required for efficient catalysis to occur. The cleavage reaction is initiated by the lone pair of electrons associated with the side chain Nd atom of N263 attacking the partially positively charged P264 carbonyl carbon atom to create a cyclized tetrahedral intermediate. After collapse of the tetrahedral intermediate, a proton is transferred from water to the P264 amide to create a new N-terminus at P264 and a succinimide intermediate at N263, which is then hydrolyzed back to a C-terminal asparagine residue. 15 An overlay of the YscU N263A and EscU N262A crystal structures [ Fig. 2(A) ] indicates that both proteins share essentially the same conformation of the NPTH b-turn and many of the same intramolecular interactions. Therefore, the crystal structure of YscU N263A is in good agreement with the mechanism proposed by Zarivach et al.
The structure of wild-type YscU (YscU cleaved )
We were unable to crystallize a wild-type form of YscU with the same boundaries as the mutants (residues 211-354), but were able to obtain crystals of a shorter fragment (residues 220-342) with endpoints that correspond to the limits of visible electron density in the Fig. 1(C) ], but there is a very large conformational change in the Nterminal linker region. In the structure of YscU cleaved , residues 220-239 are not visible in the electron density map, while residues 240-249 undergo a large shift and are incorporated into a five-turn a-helix composed of residues 240-256. The linker region, which is highly conserved among YscU orthologs, has been proposed to take on the role of a molecular switch by providing a potential point of conformational freedom for the cytoplasmic domain. 15 Indeed, deletion and point mutations in the linker region of FlhB and EscU exhibited alterations in type III secretion. 15, 19 The structures of EscU, SpaS, Spa40, and noncleaved EscU mutants exhibit a substantial degree of variability in the conformation of their N-terminal linkers, indicative of inherent flexibility in this region of the molecules. 14, 15 In the structures of YscU reported here, the visible portion of the linker adopts an a-helical conformation that undergoes a radical change in its orientation with respect to the core of This conformational change could very well have a significant impact on the orientation of the cytoplasmic domain of YscU with respect to its membrane-bound N-terminal domain and may therefore correspond to the ''molecular switch'' that influences the chronological order in which specific classes of proteins are delivered through the type III secretion apparatus. The cleavage of the N263-P264 peptide bond also results in a major reorientation of the P264-H266 loop in which P264 moves $10.7 Å away from the Ca atom of N263, as observed in the structures of Spa40, EscU, and SpaS [ Fig. 1(F) ]. 14, 15 This rearrangement results in a new chemical environment for P264, T265, H266, and several other residues that were buried by the bturn between b1 and b2 in the uncleaved conformation. Additionally, the negative charge on the C-terminus of N263 created after cleavage of the peptide bond is stabilized by an interaction with the positively charged side chain of R296 located on the a3 helix. The newly formed surface is electrostatically distinct from that of the uncleaved form, and may be a critical recognition site for other T3SS proteins [ Figs.  1(B,D) ]. 14, 15 Additional evidence for the importance of this region comes from the observation that the YscU Y317D mutation, located on the a2 helix directly below the NPTH loop in YscU cleaved [ Fig. 1(C) ], results in reduced export of the inner rod protein YscI, which is an important process for switching of substrate specificity in the Yersinia T3SS. 13 The new orientation of the side chains of P264, T265, and H266 may also play an important role in the interaction of YscU cleaved with other T3SS proteins. Indeed, Zarivach et al. have previously shown that the homologous H265 residue in EscU may play a structural role in the secretion process, as their data have revealed that the H265A mutant does not inhibit the cleavage of EscU but does inhibit secretion. 15 Although it has been proposed that auto-cleavage of the YscU cytoplasmic domain results in a conformational change that triggers recognition and export of translocators at the proper time during the assembly of the type III secretion apparatus, 9, [11] [12] [13] we were unable to detect a stable interaction between YscU cleaved and either LcrV or an LcrV/LcrG complex by gel filtration chromatography (data not shown). It is possible, therefore, that YscU plays an indirect role in the recognition of the translocators. As expected, the structure of Y. pestis YscU is similar to those of EscU, SpaS and Spa40. However, atomic resolution data (1.13 Å) collected from crystals of YscU cleaved gave rise to an electron density map of exceptionally high quality and detail, enabling a number of hydrogen atoms to be added to the molecular model. Moreover, differences in the conformation of the linker region were observed in the structures of YscU N263A and YscU cleaved that were not seen in the structures of its orthologs but which may be of biological significance. The structures reported here should facilitate ongoing studies of the biological role of YscU in the prototypical T3SS of pathogenic Yersiniae.
Materials and Methods

Cloning, expression, and purification
Three forms of the cytosolic domain of YscU were overproduced in E. coli and purified to homogeneity: YscU 220-342 (wild-type), YscU 211-354 (N263A), and YscU 211-354 (N263A/P264A). All YscU constructs were made as HisMBP fusion proteins with a cleavage site for tobacco etch virus (TEV) protease between the HisMBP and YscU domains by recombinational cloning, using the destination vector pDEST-HisMBP as described. 20 Site-directed mutants of YscU were constructed by overlap extension PCR 21 or QuickChange mutagenesis (Stratagene, La Jolla, CA) and verified by DNA sequencing. The HisMBP-YscU expression vectors were transformed into E. coli BL21(DE3) CodonPlus-RIL cells (Stratagene). Single ampicillin/chloremphenicol-resistant colonies were used to inoculate Luria broth containing 100 lg/mL ampicillin, 30 lg/ mL chloramphenicol and 0.2% glucose. The cultures were grown to an OD 600 of 0.4-0.6 at 37 C and then induced with 1 mM IPTG for 4 h at 30 C. The cells were harvested by centrifugation and frozen at À80 C until use. Each YscU variant was purified in exactly the same manner and all steps were carried out at 4 C.
The cell pellet was resuspended in 50 mM sodium phosphate pH 8.0, 150 mM NaCl, 25 mM imidazole, and the cells were disrupted using a APV Model G1000 homogenizer (Invensys, Roholmsvej, Denmark). The lysate was centrifuged at 15,000 rpm at 4 C using an SA-600 rotor, filtered, and then the HisMBP fusion proteins were purified by immobilized metal affinity chromatography (IMAC) as described. 20 Fractions containing the fusion proteins were pooled, cleaved overnight with hexahistidine-tagged TEV protease, 22 and then subjected to another round of IMAC as described. 20 The flow-through fractions containing
YscU were pooled and applied to an amylose column (New England Biolabs, Beverely, MA) to remove a small amount of His 6 -MBP that did not bind to the second Ni-NTA column. The flow-through fractions were concentrated to 5 mL, using an Amicon stirred cell with a YM10 membrane (Millipore, Billerica, MA) and applied to a 26/60 Superdex-75 preparative size exclusion column (GE Healthcare, Piscataway, NJ) equilibrated in 25 mM Tris pH 7.5, 150 mM NaCl, 2 mM Tris(2-carboxyethyl) phosphine hydrochloride (TCEP) and the peak fractions corresponding to YscU were pooled and concentrated to $20 mg/mL with an Amicon stirred cell (Millipore) as mentioned.
Protein crystallization
Crystallization trials were conducted using sparse-matrix screening kits from Data collection, phasing, and structure refinement Native data sets for YscU cleaved , YscU N263A , and YscU N263A/P264A crystals were collected at the SER-CAT 22-ID and 22-BM beamlines (Advanced Photon Source, Argonne National Laboratory). A SAD data set was collected on a single YscU N263A/P264A crystal soaked with bromide using the peak wavelength set at 0.91957 Å. X-ray diffraction data from a single YscUcleaved crystal soaked with iodide was collected at 1.5418 Å wavelength with a MAR345 image plate detector mounted on a Rigaku RU-H3R generator operated at 50 kV and 100 mA (Rigaku Corporation, The Woodlands, TX). All data sets were processed with the HKL3000 program suite 24 and the processed data were submitted into the SGXPRO program platform for automatic structure solution. 25 The YscU N263A/ P264A structure was solved by locating eight bromide ions in the asymmetric unit with data extending to 1.96 Å using SHELXD 26 and the handedness was subsequently determined by ISAS. 27 The phases were fur-
ther improved by refinement of heavy atoms in SOLVE. 28 After density modification, 65% of the residues were automatically built by RESOLVE. 16 The model was completed using COOT. 29 The final model was then used to search for a molecular replacement solution using the higher resolution 1.30 Å data from the YscU N263A/P264A crystal and the 1.53 Å resolution data collected from the YscU N263A crystal with the program MOLREP from the CCP4 suite. 30 The model was
Atomic Resolution Structure of YscU refined using REFMAC5 31 and manually corrected using COOT. The YscU cleaved structure was solved by locating 10 iodide atoms in the asymmetric unit using the SGXPRO program platform and data to 2.14 Å resolution as described earlier. The resulting model was then used as the starting search model for molecular replacement using the 1.13 Å resolution data and was refined using REFMAC5. Anisotropic B-factor refinements were conducted and hydrogen atoms were added to the final model. During the course of refinement, the electron density maps for P264 exhibited extra electron density protruding from the amide nitrogen. Upon seeing this density, we investigated whether this might be a covalent adduct on P264 by using mass spectrometry. However, mass spectral analysis of the protein in solution and of the crystals dissolved in buffer after data collection returned molecular weights which agreed with the sequence of the protein and did not indicate any additional mass in the protein crystal (data not shown). Moreover, the original experimental electron density maps obtained after SAD phasing did not show any extra electron density on the amide nitrogen to suggest the presence of an adduct. Therefore, water molecules were placed in this density and they refined well. All refined models were validated using Molprobity 32 and figures were prepared using Pymol (Delano Scientific LLC, Palo Alto, CA). Coordinates and structure factors for the YscU N263A , YscU N263A/P264A , and YscU cleaved structures were deposited in the Protein Data Bank with accession codes 2jlh, 2jlj, and 2jli, respectively.
